We study the structural properties of patchy particle liquid, with special focus on the role of "color", i.e. specific interactions between individual patches. One experimental realization of such "chromatic" patchy particles is by decorating them with single-strained DNA linkers. The complementarity of the linkers will promote formation of bonds only between predetermined pairs of patches. By using the MD simulation, we compare local coordination, the short range order, and other structural properties of the aggregates formed by "colored" and "colorless" systems. The analysis is done for spherical particles with two different patch arrangement (tetrahedral and cubic). The additional color constraint results in a less connected liquid structure which is also less stable thermodynamically. From our data, we estimate the configurational entropy loss due coloring to be about 2k B T per particle, which in turn should improve the relative stability of the corresponding ordered phases.
I. INTRODUCTION
In the recent years, patchy particles have emerged as a key model system for advanced selfassembly 1 -11 . These are typically micron-scale colloids featuring chemically distinct regions (patches) arranged in a pre-engineered pattern on the particle surfaces. In most cases, the patches preferentially attract each other resulting in strongly directional character of the interparticle interactions, reminiscent of the covalent bonding with predetermined bond orientations. Furthermore, by decorating patches with DNA molecules, one may introduce multiple types of them, and selective type-dependent binding 3 . This can be compared with coloring of the patches. One can expect that adding the "color" to directionality of interparticle interaction will result in a greater control of the resulting structure.
While the primary interest in patchy particles is due to their potential for programmable self-assembly of a great variety of ordered superlattices, the study of disordered phases in this class of systems is of great conceptual importance as well 9 -11 . In fact, such studies provide valuable insights both into the equilibrium phase behavior and kinetics of self assembly. For instance, Smallenburg and Sciortino 9 have recently demonstrated that the ground state of the system of patchy particles need not to be a crystal, even when the particles themselves are highly symmetric. Specifically, for the case of four-patch particles with tetrahedral symmetry, the diamond crystal is a thermodynamically preferred state only in the limit of a strong directionality of the bond, i.e. very small patch size. Otherwise, the system can achieve maximum connectivity without sacrificing all of its configurational entropy, i.e.
preserving a liquid-like structure. A similar conclusion has been reached independently in our recent study 11 that preceded the current work. Rather than exploring the equilibrium phase behavior, we were interested in structural properties of patchy particle liquid. Remarkably, the four-patch system demonstrates relatively high degree of local ordering, as opposed to six-patch system with cubic symmetry. We explained this difference by the observation that disordered aggregates of a patchy system should typically have a coordination number close to Z = 4, subject to assumption that directionality of bonds is not extreme.
In the current work, we expand the previous analysis and study the effect of "chromatic" interactions between patches. It is expected that combining bond directionality with such selectivity (e.g., due to DNA functionalization of the patches) will result in higher order and programmability of the self-assembled structures. Similarly to our previous study, we analyse both 4 patch particles with tetrahedral symmetry (4pch) and 6 patch particles with cubic one (6pch). For each system we consider the extreme cases: all patches equivalent ("colorless"), and all patches on the same particle having different colors, subject to complementarity rule ("colored").
II. MODEL AND NUMERICAL ALGORITHM
In our numerical algorithm we consider a patchy particle as a solid sphere of radius R. Patches are attached to the surface of this sphere and rotate with it. Therefore, we should take into account rotational degrees of freedom. The motion of a single particle is represented as a combination of a translational displacement of the center of the particle and a rotation the particle around its center. We describe the rotational orientation of particles using quaternions.
We study the specific interactions between patches. In the colored case only the complementary patches AA , BB , CC , and DD attract each other. Interaction between other, non-complementary, pairssuch as AA, AB etc., are absent. In the colorless case, every pair of patches P P can interact.
At the initial time moment the orientation of k-th patch for j-th particle with respect to its center is given by the vector a (k) j (0). The system of colored 4pch particles is binary. A "primary" 4pch particle has the patches at following positions: a (1)
, and a
j (0) = (0, 0, R) (D type). A "complementary" particle is a mirror image of the "primary" ones, with patches A , B , C , D located at positions A, C, B, D, respectively (see Fig. 1(a) ). A colored 6pch particle has complementary patches located opposite to each other: a The displacement of the center of the j-th particle at the time moment t is described by the vector r j (t). Euler's rotation theorem tells us, that any displacement of a rigid body such that a point on the rigid body remains fixed, is equivalent to a single rotation at certain angle φ around some axis that runs through the fixed point. The orientation of j-th particle at the time moment t with respect to its center is given by the unit quaternion Λ j (t). This quaternion has a form Λ j (t) = [cos(φ j /2), sin(φ j /2)n j (t)], where the unit length vector |n j (t)| = 1 sets the axis passing through the center of the j-th particle and φ j is the angle of rotation around this axis (see, e.g., Ref. 12) . The conjugated quaternion is
The location of the k-th patch of the j-th particle at the time moment t is given by the formula a 
This approach may be used for molecular dynamic simulations of rigid objects 13 . In our model we have two types of the interaction. Patchy particles repel each other with soft-core central repulsion truncated potential
is the standard Lenard-Jones potential, U 0 (r c ) = dU 0 (r) dr r=rc is its derivative, σ = 2R is the interaction distance, 0 = 1 is the interaction strength, r c = 2R is the cut-off distance, and r ij = r i − r j is the vector, connecting centers of j-th and i-th particle. Patches of different particles attract each other with the Gaussian
, where a
j is a vector connecting a patch l of particle j and a patch k of particle i, w = 0.2 is the half-width of the interaction and U p is the strength of the interaction.
From the complete set of displacements and orientations of particles {r j , Λ j } it is possible to compute a set of total forces and torques {F j , M j } acting on every particles taking into account interactions between soft cores of particles and between pairs of complementary
where I is the moment of inertia,v j andω j are linear and angular accelerations, respectively.
We use normalized units, the radius of particles is R = 1, the mass is m = 1, the moment of inertia of a solid sphere I = 2 5
The interaction with thermostat is realized in the form of Langevin equations −γv j (t) + ξ j (t) and − 4 3 γR 2 ω j (t) + ζ j (t) for forces and torques, respectively, where γ = 6πηR is the friction coefficient for solvent viscosity η, ξ j (t) and ξ j (t) are thermal noise terms with delta-
We use the constant temperature k B T = 1 and friction γ = 10, therefore for times t 1/γ = 0.1 the dynamics of a particle is Brownian. We simulate the system of N = 1000 particles in a cubic system of size L = 48 with periodic boundary conditions. The volume density for this system is ρ = 4/3πR
The temperature is fixed to provide the constant diffusion coefficient. The state of the system is tuned by varying the strength U p (measured in k B T units) of the attractive Gaussian potential (with the half-width w = 0.2) between appropriate patches. For small values of U p the system is in the gas phase, for large values of U p the system is in the gel-like state.
III. STRUCTURAL PROPERTIES
To define the local structural properties of the patchy system we use the bond order parameter method 14 , which has been widely used in the context of condensed mat- this method the rotational invariants of rank l of both second q l (i) and third w l (i) order are calculated for each particle i in the system from the vectors (bonds) connecting its center with the centers of its N nn (i) nearest neighboring particles
where
Y lm (r ij ), Y lm are the spherical harmonics and r ij = r i − r j are vectors connecting centers of particles j and i. We note, that the bond order parameters
l , so, in general, these parameters are much more sensitive to the local orientational order in comparison with q l . Here, to define the structural properties of the patched particles, we calculate the rotational invariants q l , w l for each particle using the fixed number patchy systems. We note, that formation of hexagonal diamond (HD) with hexagonal close packing (HCP) of the NNN is also possible for the patched system, at least kinetically.
The values of the different rotational invariants q l and w l for the perfect patchy crystals (for both NN and NNN) are shown in Table 1 . A particle whose coordinates in the 4-dimensional space (q 4 , q 6 , w 4 , w 6 ) are sufficiently close to those of the ideal lattice is counted as solid-like particle. By calculating the bond order parameters for the NNN it is easy to identify the disordered (liquid-like) phase as well. 
IV. RESULTS OF SIMULATIONS
In Fig. 2 we plot the mean values of the number of topological nearest neighbors (NNs) as a function of the interaction potential U p for 4pch (a) and 6pch (b) systems. The colored system exhibits aggregation at significantly higher interaction strength than the colorless one. This shift reveals an important information about the thermodynamics of the aggregated state that will be discussed in the final section. Note also that the average number of NNs, the mean coordination number saturates at a lower value for colored system than for colorless one. An alternative representation of the above results is shown in Fig. 7 and Fig. 8 , where the fraction of particles with different number of nearest and next nearest neighbors is ploted as a function of the interaction strength U p for 4pch and 6pch systems, respectively. bution function g(r). The analysis of the first coordination sphere reveals that the colorless patchy systems are somewhat more dense than colored ones, which is consistent with our observation that the colorless system is more connected Structural properties of the particles, namely properties of the local orientational order are shown in Fig. 10 and Fig. 11 for 4pch and 6pch systems, respectively, for both colored (red curves) and colorless (green curves) systems at the final gel phase state. The probability distribution functions P (q l ) and P (w l ) of particles over different rotational invariants q l and w l (l = 4, 6) and its cumulative distributions being plotted reveal that colorless system is more ordered than colored one. Here, we calculated the PDFs P (q l ) and P (w l ) via using a fixed number of the nearest neighbors (N nn = 4 and N nn = 6 for the 4pch and 6pch system, respectively). Using of the topological NN change significantly the distributions; the effect is illustrated in Fig. 12 , where the distribution P (q 4 ) (calculated via number of the topological neighbors N nn = 3) is plotted as a function of q 4 for both colored and colorless systems.
Peaks observed on the red curve correspond to nearly perfect system with 3 patches. It is clearly seen, that in that case the colored system looks to be more ordered in comparison of particles over different rotational invariants q l and w l (l = 4, 6) calculated via fixed N nn = 4 are plotted for both colored (red curves) and colorless (green curves) patchy systems. The curves reveal that colorless system is more ordered than colored one. Weak difference between the distributions P (w 6 ) for both cases makes the bond order parameter w 6 to be a good measure to quantify the ordering.
with the colorless one.
V. DISCUSSION AND CONCLUSIONS
The detailed analysis of the liquid structure presented above gives a number of important insights into the physics of colored and colorless patchy system, and into difference between them.
In particular, the relative shift in Fig. 2 of the aggregation curves fopr colored anb coloreles systems can be attributed to a difference in theor entropies. The aggregation occurs when the chemical potential in a condensed (liquid-like) phase is equal to that of a gas:
Here C is the particle concentration in the gas phase, S is entropy per particle in the aggregate, and Z is the mean coordination number (number of NNs). By neglecting the difference in Z in aggregates of colored and colorless system, we conclude that the difference in entropy between them is proportional to shift of the aggregation point:
This gives ∆S 4.5k B for 4pch and ∆S 5k B for 6pch. This difference can be partially attributed to trivial combinatorial effect: for each configuration of the colored system, there are 12 possible orientations of an individual colorless 4-patch particle and 24 such states in 6pch system. This accounts for 2.5k B and 3.2k B of the entropy difference, respectively. The rest of the difference, approximately 2k B per particle should be attributed to the fact that there is a significantly smaller number of contact networks that respect complementarity rule of the colored system as compared to unconstrained networks of colorless patchy colloids. This is a very important observation from the point of view of thermodynamic stability of ordered self-assembled lattices. Indeed, this configuration entropy difference only affects the disordered liquid phase, but not the crystalline structure. As a result, the periodic lattice in the colored case is expected to gain a "bonus" free energy of approximately 2k B T per particle, with respect to the liquid phase. This difference is due to suppressed entropy of the disordered state, subjected to color constraints. of this is that the additional bonds that appear in colorless system came at the expense of additional deformation. Indeed, if we imposed a condition that each interparticle bond is perfectly aligned with the vector pointing towards the center of the patch, the maximum average coordination number that could be achieved were Z = 5/3. As we have discussed in the earlier work 11 , this constraint is typically unrealistic, and the coordination number is expected to be larger (tending towards Z = 4, consistently with the present results).
These additional bonds however do result in modest bond rotation and strain in the particle network. It is result of this deformation that leads to pronounced suppression of local order near Z = 3 particles in the better connected colorless system. On the other hand, the effects appears to be opposite for complete shells (Z = 4 and Z = 6 particles in 4pch and 6pch systems, respectively), as sjhown in Figs 10-11 . While the local orientational order remains weak in all these cases, the peaks in PDFs are generally stronger for colorless systems.
The central conclusion of our study is that colored patches provide a important additional element of control over the self assembled structures. The fact that liquid structure is more constrained is expected to make ordered phases more stable compared to colorless case. In particular, we expect that limitation on patch size and the associated bond directionality found in Ref. Project no. 14-12-01185.
